Autophagy is found to serve as a surviving mechanism for cancer cells. inhibiting autophagy has been considered as an adjuvant anti-cancer strategy. In this study, we investigated the anti-tumor effect of combining pulsed-wave ultrasound hyperthermia (pUH) enhanced peGylated liposomal doxorubicin (PLD) delivery with an autophagy inhibitor chloroquine (CQ). BALB/c mice bearing subcutaneous 4T1 tumor received intravenous injection of PLD (10 mg/kg) plus 15-minute on-tumor pUH on Day 5 after tumor implantation and were then fed with CQ (50 mg/kg daily) thereafter. Prolonged suppression of tumor growth was attained with pLD + pUH + cQ treatment, whereas in pLD + pUH group tumors quickly recurred after an initial inhibition. Treatment with CQ monotherapy had no benefit compared to the control group. immunohistochemical staining and Western blotting showed that autophagy of cancer cells was blocked for the mice receiving CQ. It indicates that PLD + pUH + cQ is a promising strategy to treat cancer for a long-term inhibition.
www.nature.com/scientificreports www.nature.com/scientificreports/ doxorubicin was well-known 11 . Furthermore, localized hyperthermia increases blood flow and vascular permeability in the heated tumor region, and therefore enhances the delivery of nanodrug into cancer cells 12 . Ultrasound was investigated as a modality to induce hyperthermia and was found advantageous over other thermal sources for its noninvasiveness and penetrating ability into deep tissues 13 . Previous studies 14, 15 showed that short-time pulsed-wave ultrasound hyperthermia (pUH) not only enhanced the delivery of PEGylated liposomal doxorubicin (PLD) but also elicited inhibitory effect directly on cancer cells. However, in some cases the cancer tumors were macroscopically destroyed by the combined therapy of PLD + pUH, they still recurred several days or weeks after the treatment.
The aim of present study was to investigate an effective strategy to successfully treat tumor, prevent tumor recurrence, and improve the disease-free survival. We evaluated the combination treatment of PLD + pUH with long-term CQ administration to see if it successfully suppressed tumor growth and prevented recurrence. The concept of therapy and design of experiment was schemed in Fig. 1A ,B, respectively. We found that pUH enhanced PLD delivery in combination with CQ could long-term suppress 4T1 tumor growth and postpone its recurrence.
Materials and Methods chemical reagents.
The PEGylated liposomal doxorubicin (PLD) used in this study was a commercial product, Lipo-Dox ® purchased from Taiwan Tung Yang Biopharm Company Ltd. It contains 2 mg/mL doxorubicin and 14 mol/mL phospholipids. The lipid composition is distearoylphosphatidylcholine, cholesterol, and PEG-DSPE with a molar ratio 3:2:0.3, respectively. The average particle diameter of the PLD determined by dynamic light scattering is 84.5 ± 18.6 nm at 37 °C, with a narrow size distribution. The mean particle diameter, size distribution, and doxorubicin release rate were quite unaffected by temperature 16 . The elimination half-life of Lipo-Dox is about 65 h. Chloroquine (CQ) was purchased from Sigma-Aldrich.
tumor cells. 4T1 murine breast cancer cells (ATCC ® CRL-2539TM) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) in 10 cm tissue culture dishes in a 5% CO 2 -containing incubator at 37 °C.
Mtt cytotoxicity assay. MTT cytotoxicity assay was used to analyze the cytotoxic effect of different treatment on cancer cells. 4T1 murine breast cancer cells were seeded on a 96-well plate at a density of 2.5 × 10 3 cells/ well, supplied with 100 µL RPMI 1640 medium containing 10% fetal bovine serum. After 24 hours incubation, PEGylated Liposomal Doxorubicin (PLD) was given intravenously on Day5 after tumor implantation. Pulsedwave ultrasound hyperthermia (pUH) was administered 10~15 minutes after PLD administration. Then mice were orally fed chloroquine (CQ) dissolved in drink water daily till experiment end. the cells were subjected to assigned treatment conditions. The concentration of PLD ranged from 0.02 mg/mL to 1 mg/mL. The concentration of CQ was 10 µM. Hyperthermia was carried out with 43°C water bath for 5 mimutes. Cells incubated without any treatment were used as the blank control group. After 48 hours of treatment, old drug-containing medium was removed, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide solution (5 mg/mL) was added (40 µL per well) and incubated for further 90 minutes. Then 3-(4,5-dim ethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide solution was removed, and precipitated crystals were dissolved with dimethylsulfoxide (DMSO, 150 µL per well). The absorbance values were determined with a microplate reader (Synergy HTX; BioTek Instruments Inc., Winooski, VT, USA) at a wavelength of 540 nm.
In vivo tumor model. All animal experiments were approved by the Institution of Animal Care and Use Committee of College of Medicine in National Taiwan University. All procedures regarding animal experiment were conducted in accordance to relevant guidelines and regulations. Eight-week-old female BALB/c mice were acquired from BioLASCO Taiwan Co., Ltd. and were housed with a 12-h light/dark cycle and allowed free access to water and standard diet. The mice were anesthetized by 1-3% isoflurane inhalation during the tumor implantation procedure. The hair on right flank was shaved before tumor implantation. A total of 10 6 4T1 tumor cells suspended in 100 μL of phosphate buffered saline (PBS) were slowly injected subcutaneously into the right flank of the mice.
Animal treatment experiment. The time schedule of treatment experiment was summarized in Fig. 1B .
Five days after tumor implantation, the tumor volume reached about 100 mm 3 and the treatment started. The tumor-bearing mice were randomly assigned to one of the following four groups: PLD + pUH + CQ, PLD + pUH, CQ, and Control. PLD solution was diluted with normal saline (1:1 volume ratio) and then injected via tail vein with a dose of 10 mg/kg body weight according to the body weight of individual mouse measured right before the treatment. Ten minutes later, pUH was applied with an ultrasound sonicator (US-700; ITO, Japan) at 1 MHz frequency, 50% duty cycle, 3 W/cm 2 intensity, and 15 minutes sonication duration. The ultrasound probe was immersed in a home-made water bag filled with degassed water, and the water bag was mounted onto the tumor to prevent skin burn during ultrasound hyperthermia. CQ (dose 50 mg/kg body weight, dissolved in drinking water) was given daily via oral gavage since Day 5. Mice were closely monitored for their health status, and tumors were measured with a digital caliper every three days. Tumor volume was estimated by 0.5 * Length * Width Histopathological examination and immunohistochemical study. The mice were subcutaneously implanted with 10 7 4T1 murine breast cancer cells suspended in 100 μL of PBS at right flank. Seven days later, the mice were divided into the following four groups: PLD + pUH + CQ, PLD + pUH, CQ, and Control, and then received treatment. The treatment procedures were similar to description in the Animal treatment experiment section, with following change: CQ was given daily via oral gavage with a dose of 100 mg/kg body weight. Three days after the treatment, the mice were euthanized and the tumors were harvested. The harvested tumors were cut into two halves. One was subjected to histopathological examinations, immunohistochemical studies, and TUNEL assay. The other was processed for Western blotting.
Halves of the harvested tumors were fixed in 4% paraformaldehyde solution for three days and then embedded in paraffin blocks and sliced. Tumor tissue sections were stained with hematoxylin-eosin (H&E) for histopathological examination. For immunohistochemical studies, tumor tissue sections were de-paraffined and rehydrated, and then treated with Proteinase K in a 37 °C incubator to retrieve antigens. After antigen retrieval, tissue sections were incubated with primary antibody against LC3B (1:500, CellSignaling, cat. No. 3868) overnight at 4 °C. After several washes, tissue sections were incubated with Dako LSAB 2 system to label primary antibodies and counterstained with hematoxylin for greater contrast. After dehydration and mounting, the prepared tissue sections were examined with microscope. tUneL assay. Tumor tissue sections were processed for TUNEL assay using a DeadEnd Fluorometric TUNEL system (Promega, Madison, WI, USA) according to the manufacturer's instructions. In brief, tissue slides were fixed with 4% paraformaldehyde solution and permeabilized with 20 μg/mL proteinase K. The slides were then labeled with rTdT enzyme mixture overnight at 37 °C. The slides were then stained with Hoechst 33342 dye and mounted. Fluorescence images were obtained using a confocal microscope (AxioImager M1; Carl Zeiss Ltd., Oberkochen, Germany), using the FITC channel for detecting apoptotic cells and DAPI channel (excitation at 340-380 nm and emission at 435-485 nm) for revealing cell nuclei, respectively. All images were captured using the same exposure time. The pictures were merged using AxioVision Rel. 4.8 software (Carl Zeiss Ltd., Oberkochen, Germany).
To quantitatively compare the difference of apoptosis activity among groups, five representative fields were picked from each slide, and the total fluorescent intensity in each field was measured with ImageJ software. Statistical significance was tested with Student t test.
Western blotting. The tumor tissues were homogenized and purified with RIPA and then prepared with 6X SDS sample buffer. Equal aliquots of protein (30 μg) were loaded onto 10% SDS-PAGE electrophoresis gels and run with 100 V for 60 min. The proteins were then transferred to nitrocellulose membranes with 100 V for 100 min. The membranes were then washed with TBST for several times and blocked for 60 min. After several washes, the membranes were cut into corresponding pieces and incubated with anti-LC3B antibody (1:1000, CellSignaling, cat. No. 3868), anti-β-actin antibody at 4 °C overnight. After incubation, anti-LC3B antibodies were labeled by incubating with goat anti-rabbit HRP antibody (Santa Cruz) for 60 min at room temperature, whereas anti-β-actin antibodies were labeled by incubating with HRP goat anti-mouse antibody (BioLegend Cat. No. 405306). The expression of proteins was visualized with WesternBright TM ECL HRP substrate (Advansta Inc., CA, USA). The quantification of bands was performed with ImageJ software. combination treatment of pLD + pUH and cQ inhibited cancer tumor growth and delayed its recurrence. To investigate the effect of combination treatment of PLD + pUH with CQ, a single treatment of PLD + pUH was applied on 4T1 tumor-bearing mice on Day 5 followed by daily-given CQ. Figure 3B showed that tumor growth in PLD + pUH group was inhibited, and the tumor shrank after the treatment since Day 5. However, the tumors treated with PLD + pUH were then relapsing since Day 17. On the contrary, treatment with PLD + pUH plus daily CQ administration not only inhibited tumor growth, but also drastically delayed tumor relapse until Day 32. Additionally, the growth rate of recurring tumors in the PLD + pUH + CQ group was much slower than that in the PLD + pUH group. Monotherapy with CQ alone had no benefit in inhibiting tumor growth as compared to the control group. All therapeutics were well tolerated, as neither significant drop in body weight nor apparent change in general activity was observed.
As shown in Fig. 3C , the survival rate of the PLD + pUH + CQ group seemed better than the PLD + pUH group. Up to Day 60, there were 6 among 8 treated mice achieved complete remission (defined by no observable tumor) in the PLD + pUH + CQ group, and 5 among 9 treated with PLD + pUH achieved complete remission. Nonetheless, the survival advantage of PLD + pUH + CQ group over PLD + pUH group did not reach statistical significance (p-value: 0.2). The survival of the CQ group did not differ from the control group, showing that CQ monotherapy had no significant benefit in suppressing tumor growth.
Immunohistochemical study proved autophagy of tumor cells blockaded by CQ administration. To investigate the change in tumor tissue affected by PLD + pUH + CQ treatment, tumor-bearing mice received single treatment of PLD + pUH on Day 7 after tumor implantation and were then fed daily with high dose CQ solution. Three days later, tumor were harvested and subjected to histopathological studies. H&E staining of tumor samples revealed that there was extensive necrosis in all groups (Fig. 4) . Some fat cells surrounding the tumors or even infiltrating into tumor stroma could be observed. Figure 5 , immunohistochemical staining, shows that LC3 expression (brown color) was markedly enhanced in both PLD + pUH + CQ and CQ groups, slightly increased in the PLD + pUH group, and nearly no expression in the control group. The results correlated well with the expected effect of CQ which inhibited autophagy and resulted in the accumulation of LC3-II. tUneL assay showed apoptosis increased by pLD + pUH, not by cQ. TUNEL assay was performed to assess the effects of different therapeutics on apoptosis of the treated tumors. Figure 6A showed that there were apparently stronger signals of apoptosis (green dots) in the PLD + pUH + CQ and PLD + pUH groups than those in the CQ and control groups, and the differences were highly significant (Fig. 6B) . The intensities of apoptosis signal were statistically similar in the CQ group and the control group. The difference between PLD + pUH + CQ group and PLD + pUH group was not significant as well. These results reflected that cancer www.nature.com/scientificreports www.nature.com/scientificreports/ cell apoptosis was induced by the treatment of PLD + pUH. Daily CQ administration did not alter the detectable density of cancer cell apoptosis, meaning CQ solely had no direct pro-apoptotic effect.
Western blotting. To demonstrate the autophagy inhibition induced by CQ, Western blotting assay was used to detect LC3 in tumor supernatant. Figure 7 showed the result of Western blotting targeting LC3. The expression of www.nature.com/scientificreports www.nature.com/scientificreports/ LC3-II was raised in the PLD + pUH + CQ and CQ groups, but not in the PLD + pUH and control groups. These findings coincided with the autophagy inhibition caused by CQ administration observed in immunohistochemical stain.
Discussion
Previous studies 14, 15 showed that PLD in combination with pUH significantly inhibited the growth of 4T1 murine breast cancer in an in vivo brain metastatic tumor model. It was proved that pUH on the tumor after injection of PLD significantly increased the accumulation of PLD in the sonicated tumor tissue and cancer cells. Based on these results, we investigated if inhibition of tumor growth and tumor relapse could be further improved by Western blot for LC3 for each experimental group. Increased expression of LC3-II was observed in PLD + pUH + CQ group and CQ group, reflecting the late-stage autohphagy inhibition by CQ. LC3 expression was slightly reduced in PLD + pUH group comparing to control group. Full-length Western blot image is presented in Supplementary Fig. S1 . www.nature.com/scientificreports www.nature.com/scientificreports/ as compared with the PLD + pUH group. This significant difference suggested that CQ, by blocking the escape mechanism of autophagy, rendered the cancer cells damaged by PLD + pUH treatment more difficult to survive. The prolonged retardation on tumor growth resembled the results obtained by Hirsch et al. 17, 18 , in which they showed metformin preferentially targeted CSC and exerted long-term inhibitory effect when co-administered with doxorubicin. It implied that the recurrence-postponing effect of CQ observed in our study might be partially attributed to similar anti-CSC activity.
Scientific RepoRtS
Several researchers claimed that CQ potentiates anti-cancer therapeutics through mechanisms outside autophagy inhibition. Maes et al. found that CQ normalized tumor vessel structure, and the effect could not be mimicked by genetic inhibition of autophagy 9 . Balic et al. indicated that CQ suppressed CSC via inhibition of CXCR4 and Hedgehog signaling 8 . King et al. proposed that CQ synergized mTORi through mechanism related to cholesterol metabolism 19 . Nonetheless, the majority of researches still attributed the anti-tumor potency of CQ to its lysosomal acidifying/autophagy inhibition ability. Choi et al. concluded the anti-CSC activity of CQ was through autophagy inhibition despite their finding that Jak2-STAT3 pathway might also play a role 20 . Wei et al. showed in their study that autophagy inhibition rendered CSC susceptible to photodynamic therapy, regardless pharmacologic inhibition with CQ or genetic silencing 21 . Likewise, Lee et al. also found that CQ sensitized glioma cells to temozolomide, and the sensitizing effect was observed with other autophagy inhibitors as well 22 . They also demonstrated the sensitization by autophagy inhibition was p53 dependent. Similarly, Maycotte et al. identified certain subtypes of triple-negative breast cancer more responsive to autophagy-inhibiting treatment, and this susceptibility could be predicted by high STAT3 expression 23 . Furthermore, it is indicated that some activity of CQ shares the same underlying mechanism with autophagy inhibition: both are consequences of lysosome disruption. Elliot et al. found that lysosomal inhibition by CQ impaired de novo nucleotide biosynthesis and depleted aspartate in pancreatic ductal adenocarcinoma 24 . Even the aforementioned vessel-normalizing ability of CQ was proposed in a recent study to be related to lysosomal dysfunction 25 .
In immunohistochemical studies and Western blotting, the accumulation of LC3-II was markedly increased in PLD + pUH + CQ group and in CQ group. These findings reflected the late-stage inhibition of autophagy by CQ. On the other hand, it was observed that the expression of LC3-II was slightly decreased in PLD + pUH group comparing to control group. Autophagy is usually induced by hyperthermic treatment as a response to protect cell from metabolic stress 26, 27 . Nevertheless, there are controversy about how doxorubicin affects autophagy 28, 29 . It is suggested that doxorubicin stimulates the initiation of autophagy but interferes the lysosomal function, therefore resulting in overall decrease in autophagy flux 29 . Park et al. demonstrated that doxorubicin reduces autophagosome formation via increase in mTOR expression 30 . The slightly reduced expression in LC3-II observed in PLD + pUH group could be explained by the summation of two opposite effects: upregulation by hyperthermia and downregulation by doxorubicin.
In our study, we used PLD + pUH to treat the tumors and employed CQ to prevent the remnant cancer cells escaping through autophagy. The results showed that when CQ used in combination with PLD + pUH, it assisted tumor suppression and postponed or even prevented tumor relapse. But CQ monotherapy has little impact on tumor growth as compared to the control group (as shown in Fig. 3B ). Autophagy works as a surviving mechanism when cancer cells face strong stresses. CQ blocks autophagy in cancer cells damaged by anti-tumor therapy, and therefore aggravates the severe condition remaining cancer cells confront, and eventually results in decreasing the probability of tumor relapse. However, this effect is not prominent by CQ monotherapy, and hence in the absence of antitumor therapeutics CQ does not alter tumor growth response.
The survival rate in the PLD + pUH + CQ group was better than that in the PLD + pUH group. Observed up to Day 60, the survival rate is 75% (6 among 8 treated mice) and 56% (5 among 9 treated mice) for the PLD + pUH + CQ group and the PLD + pUH group, respectively. There was no observable tumor (complete remission) for these surviving mice after the treatment of PLD + pUH with or without CQ. Despite the great success in achieving long-term remission, the survival in the PLD + pUH + CQ group was not significantly better than PLD + pUH (p-value: 0.2). It might be due to that the therapeutic efficacy of PLD + pUH was sufficiently potent in suppressing tumor growth in the subcutaneous 4T1 tumor model, so the marginal benefit of adding CQ into treatment were harder to be demonstrated since PLD + pUH already had a good outcome. The difference of survival owing to CQ might be more apparent in a more lethal tumor model refreactory to PLD + pUH treatment. The survival in CQ group was nearly identical to that in control group, consistent with the observation in tumor growth that CQ monotherapy had little benefit. CQ in cooperation with nanomedicine has been suggested as a promising therapeutic strategy to treat cancer 31 . Pelt et al. highlighted in their review the advantages of CQ to complement nanomedicine for cancer therapy, including autophagy inhibition, normalization of tumor vasculature, and reducing the hepatic clearance of nanoparticles 31 . There are increasing studies that practically exploit this strategy in cancer therapeutics. Sun et al. used CQ to reduce the 'stemness' of breast cancer stem cell to increase their susceptibility to chemotherapeutics such as doxorubicin and docetaxel 32 . Shao et al. designed a MPEG-PLA nanoparticle co-delivering CQ and doxorubicin to kill ovarian cancer, utilizing the lysosome-interfering property of CQ to hinder drug sequestration 33 . Wolfram et al. pretreated mice with CQ to reduce nanoparticle uptake by macrophage 34 . Lv et al. took advantage of the vessel-normalizing ability of CQ to improve microcirculation in tumor and promoted nanodrug delivery 35 . These studies demonstrated the versatile powerfulness of CQ in combination use with nanomedicine in cancer therapeutics. Our study further extended the strategy by adding pulsed-wave ultrasound hyperthermia, which assisted the delivery of nanodrug into tumor tissue and created a vicious microenvironment so that autophagy inhibition by CQ became crucial. To the best of our knowledge, this is the first paper to combine these three elements into an integrated strategy to successfully treat cancer and prolong remission.
